We discuss the concept of ultrasound imaging at a distance by presenting the evaluation of a customized, lightweight, human-safe robotic arm for low-force, long-distance, telerobotic ultrasonography. We undertook intercity and transAtlantic telerobotic ultrasound simulation from master stations located in New York, New York and Munich, Germany, and imaged a phantom and a human volunteer located at a slave station in Burlington, Massachusetts, using standard Internet bandwidth <100 Mbps and <50 Mbps, respectively. The data from the robotic arm were tracked for understanding the time efficiency of the human interactions at the master stations. Comparison of a beginner in ultrasound operation with a professional sonographer revealed that although proficiency in using ultrasound was not a prerequisite for operating the robotic arm, previous experience in using clinical ultrasound was associated with progressively lower probe maneuvering time and speed due to an enhanced ability of the veteran operator in adjusting the finer angular motions of the probe.
Improvements in computer and digital technology have revolutionized the storage, transmission, and interpretation of medical images, including ultrasound, allowing images to be reviewed at remote locations (1) . The combination of digital imaging and telerobotics may expand the use of ultrasound even further, allowing an expert to perform an examination from a distance, virtualizing both ultrasound image acquisition and interpretation. The robotic arm of the telerobotic ultrasound system must be intrinsically safe for patient interaction (i.e., limited in weight and force-generation capability), able to hold a stable contact position on the body, and able to be manipulated with very fine adjustments through the necessary degrees of freedom for optimizing image quality.
It will require safety systems that prevent accidental movement of the probe or robotic arm, and it must be able to provide the operator with precise spatial location (e.g., infra-red localization) and forcefeedback (e.g., pressure sensors, haptic). Although robotic ultrasound systems have been under investigation for a long time, most were developed as guidance systems for surgical procedures. Recent technological advances and cost reductions in robotic hardware and control systems have enabled development of affordable and effective telerobotic ultrasound systems to cater to broader clinical practice.
These updates will help bring much-needed resources and expertise to remote (e.g., rural, frontier) and dangerous (e.g., battle zones) locations and expand the applicability of community screening procedures (e.g., carotid intima-media thickness and plaque imaging), which are currently largely constrained by the availability and throughput of trained operators. In addition to remote locations, tele-echocardiography can aid practice within institutions, providing timely studies for patients who are hospitalized or waiting in emergency triage locations. Moreover, it could also allow the cardiologists to collaborate virtually and ondemand during advanced procedures (e.g., elective cardiac structural interventions). During the structural interventions performed under fluoroscopic guidance, the ability to hold an ultrasound probe in a stable position over prolonged periods may be particularly helpful in reducing undue radiation exposure.
There are several factors that may affect the performance of remote telerobotic ultrasound. First, exercising remote control of electromechanical systems through software over long distances requires optimal bandwidth. The majority of systems in the past have advocated the use of a high-bandwidth, dedicated telecommunication line or a dedicated high-speed terrestrial fiberoptic network for remote operations, which may limit applicability (2) . Although the Internet is low-cost and widely available, there are few data on using it with nondedicated bandwidth for long-distance telerobotic ultrasound. 
THE SLAVE STATION
The telerobotic platform (TeleHealthRobotics, Chicago, Illinois) had several core components including a lightweight (2.0 kg), 7-degree-of-freedom, servoactuated robotic arm (Cyton Gamma configuration, Energid Technologies Corporation, Cambridge, Massachusetts) (Fig. 1) . The arm was capable of (low) 1.5 kg payload, low force, and composed of minimum power servos operating at its joints. The robotic arm Note that the final design for human trials currently underway has a cloth cover that serves as an electrical, wire, and splash guard for the device. 
THE MASTER STATION
The telerobotic system in the slave station was controlled by remote operators stationed at a generic personal computer (Fig. 2) . A robotic control, safety, and sensing software system used for local or remote probe navigation (remote control user interface) was installed on the personal computer. This interface was adjustable in size and configurations for enabling the operator to understand the location and motion of the robotic arm and patient through synthetic and real imagery and to control the robotic arm while continuously observing the target ( mimicking the finite motion capabilities driven by a human wrist in manual ultrasound execution. Any of the points (P 1 , P 2 , or P 3 ) can rotate about any of the angles (q 1 , q 2 or q 3 ) shown in red. This supports, for example, fixing point P 1 and fishtailing P 3 or changing the depth of P 3 . Sengupta et al. sengupta@mountsinai.org.
